Abstract A preliminary design for a heavy ion driver inertial fusion (HIDIF) target is presented. The effect of target material and dimensions on transfer efficiency and symmetrical irradiation in the hohlraum are investigated. The analysis led to the evaluation of optimal target materials and dimensions to achieve a positive power balance of an ICF power plant. The results show that the best choice is a high Z material for cavity wall materials and a low Z material for the capsule ablator. It is concluded that for achieving the highest transfer efficiency and best symmetrization we need an area ratio between 5 ≤ A2/A1 ≤ 9.
Introduction
Thermonuclear fusion offers the possibility of an unlimited, safe, and clean source of energy to all mankind. Inertial confinement fusion (ICF) is a very attractive option for achieving this goal [1] . Heavy ion accelerators have long been advanced as drivers for inertial fusion energy (IFE) due to their high efficiency, intrinsically high repetition rate, and their attractive final focus and chamber solutions. Major accelerator laboratories worldwide have been and are currently still engaged in projects to investigate the potential of ion beams as drivers for inertial fusion energy. The unique potential of heavy ion drivers for energy production has been recognized since the early 1980s. Studies of heavy ion driven inertial fusion aiming at energy production have been pursued with increasing intensity in Russia, Europe, the USA, and Japan during the last two decades [2, 3] . In heavy ion fusion (HIF), beams of highenergy heavy ions provide energy to compress and ignite fusion fuel. The compression is achieved by uniform direct illumination (direct drive) of the spherical pellet, or in another scheme, the beam energy is first converted into soft X-rays which are then used to implode the fusion pellet (indirect drive) [4] . Because of high accelerator efficiency, both indirect drive targets and direct drive targets remain options for HIF. The ICF program has concentrated most of its effort since 1976 on the X-ray or indirect-drive approach to ICF. Indirect drive has relatively low intrinsic coupling efficiency (ratio of fuel kinetic energy to beam energy) because of the energy penetrance in increasing the temperature of the hohlraum walls, but indirect drive targets have intrinsically high uniformity in capsule illumination. In addition, radiation drive has higher hydrodynamic efficiency and improved stability properties compared with direct drive [2, 5, 6] . It is hoped that a non-uniformity of no more than 1%∼2% required for energy deposition on the pellet can be achieved with a few incident beams, heating the cavity at asymmetrically distributed interaction spots. The symmetrization is produced by multiple radiant exchange of deposited energy between the material surfaces facing the hohlraum [7] . There are two main processes where energy is lost in the hohlraum target: (i) the conversion of beam energy into X-ray in the converters; and (ii) the use of this X-ray radiation as driving energy for the implosion. For optimally designed targets, 70%∼80% of the driver energy can be converted to X rays. The optimal hohlraum geometry depends on the driver [5, 8] . Several authors have investigated the effect of the area ratio of hohlraum case to capsule on the radiation symmetry and transfer. For example, in Refs. [5] and [9] the authors have studied indirect drive laser ICF. They used simulation and an analytic model. Their analytical results were obtained for a spherical hohlraum and a spherical capsule. Their results showed that the ratio of hohlraum case area to capsule area is strongly affected by the need to achieve a very high degree of flux uniformity on the capsule. The aim of this paper is to study the physics of radiative transfer inside the hohlraum. We use a theoretical analysis to achieve optimal HIDIF targets. The effect of hohlraum dimensions and materials on transfer efficiency and symmetrization has been investigated by using an analytic model similar to the models published in Refs. [10] and [11] . In the model that we have studied for the hohlraum or capsule, no specific geometry has been intended.
Energy flux balance for an indirectly driven ICF
Schematic drawing of a hohlraum target for a heavy ion beam is shown in Fig. 1 [12] . An indirect drive target consists of a spherical fusion capsule placed in the center of a radiation cavity. As shown in the figure, two converter elements are on both sides of the capsule. Heavy ion beam energy is converted into thermal X-rays in these converters. The thermal radiation is confined within the cavity and drives the implosion of the fusion capsule. The total radiation flux incident on a hohlraum wall element, S s , splits into the net absorbed flux by the wall S a and re-emitted flux S r .
(1)
Fig.1 Typical hohlraum configuration
In an ideal hohlraum, multiple absorption and reemission processes lead to a thermal distribution of photons in the cavity that is described by black body radiation [13] . All the X-ray influxes are first absorbed in the wall, but a fraction S r is immediately radiated back into the hohlraum as thermal radiation from the heated surface and another fraction S a feeds the heat wave [14] . The flux radiated from the heated surface is, S r = σ B T 4 s , and the surface temperature T s is related to the absorbed flux S a . The re-emitted flux in power of S a is calculated by the following equation [15] ,
where N * , α, β are material parameters and t represents time (Table 1 ). All fluxes are in units of 10 14 W/cm 2 and time is in unit of 10 −8 s. The ratio between S r and S a is defined as re-emission factor N ,
The re-emitted flux in the cavity is N times larger than the absorbed flux. For describing the transfer efficiency of X-rays from the converter to the pellet, refer to Fig. 2 . The total influx power P s partly radiates on the capsule ablator surface P s1 and partly on the cavity wall surface P s2 . The thermal radiation is continuously absorbed and partially reemitted between the wall surface A 2 and the capsule surface A 1 . The powers P a1 and P a2 are absorbed by the capsule and the wall, respectively. The total power balance requires: Fig.2 Scheme of a hohlraum target, with various radiation powers defining the transfer model. Label 1 refers to fuel capsule and label 2 to hohlraum wall, P sl,2 are incident source powers, P al,2 are absorbed powers, P rl,2 are reemitted powers
The total radiation power emitted from the wall surface is given by:
where the radiation power per unit of area, S 21 , has received at the capsule from the hohlraum inner wall. P r2 splits into:
where the fraction P 21 is the power that the capsule has received from the wall and the other fraction, P 22 is the power that has fallen back on the hohlraum wall. Hence, the power balance on each surface requires,
with
The re-emission factor of the casing, N 2 , and of the capsule, N 1 , are calculated with
So, combining Eqs. (7)∼ (12), we obtain:
The transfer efficiency is defined as,
Then, by using Eqs. (13) and (14), the absorbed powers are obtained as
where,
The transfer efficiency is given by,
here, it is assumed that all primary X-rays from the converter first shine on the outer casing and direct irradiation from the converter to the capsule is neglected, i.e., P s1 = 0.
where the interaction mean number n is a quantity depending on the casing and capsule materials,
The variable a is given by the ratio between case and capsule surfaces, a = A 2 /A 1 . For evaluating the degree of symmetrization in the cavity, the average number N eff is defined by,
For P s1 =0 and by using Eqs. (11), (12), (20) and (22), one has [10] ,
Results and discussion
Quantity N for each material is a function of its atomic number and plays the central role in determining performance factors of a hohlraum target, such as energy transfer efficiency and illumination uniformity [15] . The re-emission factor is plotted for different materials in Fig. 3 . N depends significantly on atomic number Z, and the re-emission factor of high-Z materials is larger than that of low-Z materials. The reemission factor of gold (Z = 79) is 10 times larger than that of carbon (Z = 6). On the other hand, the factor N depends very weakly on S a , (Fig. 4) . These results allow constructing hohlraum targets with reduced energy losses by choosing high-Z materials for the casing and low-Z materials for the ablator of the fusion capsule. The wall has to have a high re-emission factor to reduce the wall losses, and the capsule ablator has to have a low re-emission factor to obtain maximum absorption. It is seen that N depends on time approximately as t 0.5 (Fig. 4) . All the results are represented in Eq. (24),
which is valid for S a = 10 14 W/cm 2 [16] . Fig.3 The re-emission factor N calculated from Eqs. (2) and (3) as a function of time for different materials and Sa=10 14 W/cm 2 (color online) Fig.4 The re-emission factor N calculated from Eqs. (2) and (3) as a function of time for Au, C and different Sa (color online)
The transfer efficiency depends on the area ratio and the material re-emission ratio. Fig. 5(a) and (b) show how to consider the materials to be used in the hohlraum targets. There is a need to design hohlraum targets with Z 2 as high as possible and Z 1 as low as possible for optimizing η tra value. As shown in Fig. 5 , it is found that there is a requirement to use high Z materials like gold for the cavity wall (Z 2 =79) and low Z materials like carbon for the capsule ablator (Z 1 =6) to optimize η tra and n. In the above expressions, ratio A 2 /A 1 was fixed. Fig. 6 shows η tra versus area ratio A 2 /A 1 . The η tra value decreases sharply by increasing area ratio A 2 /A 1 . A cavity with dimensions as close as possible to those of the capsule is necessary to reach a high η tra . On the other hand, further decrease of the area ratio makes the capsule rather close to the beam conversion region and thus deteriorates the symmetry. In particular, since a η tra higher than about 0.4 is needed to satisfy the energetic and economic gain conditions of the plant [11] , a hohlraum target design with A 2 /A 1 ratio lower than about 9 is desirable. In Fig. 7 , N eff is plotted versus area ratios for different N 2 . Here it is assumed that the capsule has an ideal ablator and N 1 =0. It is seen that high re-emission factor N 2 and area ratio help to achieve high effective number. It is seen that for the value of N 2 less than 6 the effective number is approximately steady for A 2 /A 1 ≥ 5 or so, and further increase of area ratio would not improve symmetrization. When the value of N 2 is more than 6, increase of the area ratio to more than 5 would certainly improve the symmetrization in the cavity, but it would also lead to incredibly low transfer efficiency. Therefore for improving the capsule illumination uniformity and increasing the efficiency, we need an area ratio between 5 ≤ A 2 /A 1 ≤ 9. 
Conclusion
In order to achieve the highest indirect drive efficiency, transfer efficiency and symmetrization had been studied. Concerning radiative energy transfer, an important result is that one has to choose low Z materials for the capsule ablator and high Z materials for the cavity wall so as to achieve acceptable transfer efficiency. As to the choice of the relative dimensions of the cavity and the capsule, it had been shown that the ratio between cavity wall area A 2 to capsule ablator area A 1 should not exceed 9 so as to have a transfer efficiency value that is not too low. On the other hand, the need of the capsule illumination to be as uniform as possible seems to require an A 2 /A 1 ratio not lower than 5. In conclusion, we should have 5 ≤ A 2 /A 1 ≤ 9.
